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Surrogacy is a common tool within conservation and can be useful when scientists 
lack detailed knowledge of a system.  Higher taxonomic surrogacy is appealing because it 
can save time and money.  However, this technique might vary in effectiveness 
depending on the taxonomic level, spatial grain, region, and impact by humans.  In this 
thesis I addressed some of the common concerns with higher taxonomic surrogacy using 
Breeding Bird Atlas data from six states (Colorado, Florida, Michigan, New York, 
Pennsylvania, and Washington).  I compared the coefficients (slopes) of my models 
rather than the R2 values relied on by other higher taxonomic surrogacy studies.  My 
results suggest taxonomic level, spatial grain, and region can affect higher taxonomic 
surrogacy.  I did not detect a clear pattern between higher taxonomic surrogacy and 
human influence.  I conclude that higher taxonomic surrogacy is a potentially useful tool 
for assessing biodiversity in an area, but care should be exercised when using this 
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Earth is facing a biodiversity crisis.  Extinction rates are currently 100 to 1000 
times natural background rates and some scientists suggest we have entered a sixth mass 
extinction event (Pimm, 1995; Mora et al. 2011; Barnosky 2011).  Biodiversity loss is the 
greatest issue facing conservation biologists today.  Comprehensive biological 
inventories are great tools for understanding changes in biodiversity within an area; 
however these inventories can be expensive and time consuming because they typically 
require taxonomic experts to accurately identify organisms to the species level (Marshall 
et al. 2006, Jones, 2008).  Approximately 1.2 million species have been described by 
taxonomists (Mora et al. 2011).  By some estimates, this suggests more than 7.5 million 
species have not been described (Mora et al. 2011).  Other global estimates range from 2 
to 50 million total species (Stork 1993).  One study estimated that it would take 
thousands of taxonomists over 1,000 years and over $350 billion U.S. dollars to describe 
the remaining unknown species (Mora et al. 2011). High extinction rates mean that 
species will become extinct without being described and named; this is a centinelan 
extinction (Wilson 1992).  Therefore, we need economical methods to efficiently and 
accurately measure biodiversity as well as methods that could potentially monitor 
undescribed species richness.  Some studies have suggested that identification to the 
species level might not be necessary for understanding the spatial distribution of species 
richness and have suggested using surrogates of species richness to assess biodiversity. 




and indicator species (Andelman & Fagan 2000; Caro & O'Doherty, 1999).  Flagship 
species are charismatic species, typically large mammal or bird species, used to garner 
public and financial support for conservation initiatives (Williams et al. 2000; Western 
1987).  They are sometimes incorrectly used as umbrella species (Caro & O'Doherty 
1999).  Umbrella species require large areas of habitat and by conserving habitat for the 
umbrella species you also benefit many other species that use the same habitat (Noss 
1990; Caro 2003; Roberge & Angelstam 2004).  These species are sometimes used in 
reserve planning, however, it can be difficult to assess if an umbrella species will be 
effective at protecting other species of concern (Rubinoff 2001; Tracy & Brussard 1994).  
An indicator species is an organism used as an indirect measure of a factor of interest, 
including biodiversity or environmental conditions (Landres et al. 1988; Caro & 
O'Doherty 1999).  In the past, indicator species have been used primarily for assessing 
pollution, but recently indicators have been used to monitor population trends in other 
species (Landres et al. 1988). 
Another surrogate technique, higher taxonomic surrogacy, could be a useful 
conservation tool.  Higher taxonomic surrogacy uses higher taxa richness, such as genus 
or family richness, to predict species richness.  This method is potentially better for 
monitoring biodiversity than the previously mentioned surrogates, because it more 
directly represents the species diversity in an area.  Higher taxa such as genera and 
families might conserve more data about species ecology and evolution than do umbrella 




higher taxonomic levels might not be ecologically meaningful (Stanislao et al. 2012).  
The rationale behind higher taxon surrogacy is that each taxonomic level is nested within 
a less diverse higher taxonomic level.  Thus, there are fewer higher taxa than lower taxa, 
and using higher taxa to predict species richness could result in a reduction of time and 
effort spent identifying species. 
Although higher taxonomic surrogacy has only recently gained attention in 
conservation, the method has been used within paleontology for some time (Allmon 
1992).  Paleontologists have used higher taxa richness to predict lower taxa richness and 
monitor prehistorical extinction events (Gaston & Williams 1993).  There is a bias within 
the fossil record regarding the types of specimens that are preserved (Signor 1990).  
Organisms that are large, possess calcified parts, and species that are deposited in an 
appropriate environment, will have a better chance of fossilizing than would small soft-
bodied organisms.  Fossil formation requires a specific series of rare events, therefore it is 
more probable that at least one fossil specimen from a family will be preserved rather 
than every species within that family being represented by a fossil.  In paleontology, 
higher taxonomic surrogacy can provide a more accurate estimate of species richness 
than can the number of species recorded as fossils. 
The effectiveness of higher taxonomic surrogacy greatly depends on the 
taxonomic level used to estimate species richness.  The number of higher taxa does not 
increase at the same rate as lower taxa because species are not equally distributed among 




taxonomic groups contain many species (Gaston & Williams 1993).  Therefore choosing 
the taxonomic level that meets the goals of the study, known as taxonomic sufficiency, is 
vital for assessing the effectiveness of higher taxonomic surrogacy (Terlizzi et al. 2003; 
Groc et al. 2010).  In my basic models I used three higher taxonomic levels (genus, 
family, and order) to predict species richness. 
Another issue for higher taxonomic surrogacy is the spatial grain of the data used 
in the analysis.  The smallest spatial resolution (grain) used in many studies is greater 
than 50 square kilometers; however, most managed areas are only a few square 
kilometers in size. Surrogates that are effective with large spatial grains might be less 
effective at smaller grains (Mandelik et al. 2007).  One study reported changes in the 
degree of correlation between family, genus, and species richness with changes in spatial 
grain at continental extents (Larsen and Rahbek 2005).  I examined how higher 
taxonomic surrogacy varied between two spatial grains: blocks (~20-25km2) and quads 
(~100km2). 
The effectiveness of higher taxonomic surrogacy might depend on the region 
where the study takes place.  A study looking at stream macroinvertebrate communities 
suggested the effectiveness of higher taxonomic surrogacy can differ greatly between 
regions (Heino 2013).  Cross-taxon surrogacy (i.e., using the richness of one taxonomic 
group to predict the richness of a different taxonomic group) might also be influenced in 
part by the region of the study (Hess et al. 2006).  Regions can differ substantially in the 




species to the number of higher taxa.  The number of species and higher taxa could differ 
between regions because urban development is more prevalent in one region and less 
prevalent in another region.  Changes in climate from one region to another could also 
affect the number of species and higher taxa.  If the ratio of species to higher taxa is low 
(i.e., the number of species closely matches the number of higher taxa) I expect higher 
taxonomic surrogacy to function well, if the ratio of species to higher taxa is high (i.e., 
the number of species is vastly different from the number of higher taxa), I would expect 
higher taxonomic surrogacy to function poorly (Heino 2013). 
No studies of higher taxonomic surrogacy have considered the effect of human 
influence on the relationship between higher taxonomic level richness and species 
richness.  Most threats to biodiversity are due to human population growth, including 
increasing habitat destruction and fragmentation (Loucks et al. 2008).  Human influence 
could affect higher taxonomic surrogacy because humans have a large impact on 
biodiversity. I compared the basic surrogacy models to models that included human 
influence.  Every additional variable added to the higher taxonomic surrogacy model will 
improve the predictive ability of the model.  With this study, I was not as interested in 
comparing predictive ability between the models; rather I was interested in whether the 
human influence models are significantly different from the basic surrogacy models.  The 
objectives of my study were to examine how higher taxonomic surrogacy is affected by 





I used breeding bird atlases (BBAs) from six states: Colorado 1987-1994 
(Kingery 1998); Florida 1986-1991 (Florida Fish & Wildlife 2003); Michigan 1983-1988 
(Brewer et al. 1991); New York 1980-1985 (Andrle et al. 1988); Pennsylvania 1983-1989 
(Brauning 1992); and Washington 1987-1996 (Smith et al. 1997).  These are surveys of 
the breeding birds within each state, covering a time period of four to seven years.  These 
state's BBAs were chosen based on availability of data, similarity of methods, and 
sampling coverage within each state.  New York was divided into quads approximately 
100km2 and further divided into blocks (four blocks per quad) approximately 25km2.  
The other five states (Colorado, Florida, Michigan, Pennsylvania, and Washington) were 
divided into quads (based on 7.5 minute topographic quads) of approximately 120km2 
and further divided into blocks (six blocks per quad) approximately 20km2 (Fig. 1).  
Breeding bird atlases for the Colorado, Florida, Michigan, and Pennsylvania datasets, 
specified one or more priority blocks within each quad.  Sampling effort was 
standardized within priority blocks while effort varied within non-priority blocks.  In a 
preliminary analysis, priority and non-priority blocks did not differ significantly within 
the Colorado, Florida, and Pennsylvania atlases so I used both priority blocks and non-
priority blocks.  Priority blocks and non-priority blocks differed within the Michigan 
atlas so I only used priority blocks.  There were no priority blocks designated within the 
New York and Washington atlases. 
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Volunteers surveyed designated blocks for signs of breeding birds.  Birds that were 
unidentifiable or not species specific (e.g., HAWK=Hawk species) were removed from 
the atlas data. I used the American Ornithologists’ Union (AOU) Checklist of North and 
Middle American Birds (AOU 2013) as the taxonomic authority for this study.  Hybrids 
and other species not recognized by the AOU were excluded from richness calculations.  
I calculated species richness, genus richness, family richness, and order richness by 
counting the number of species, genera, families, and orders, respectively, within each 
atlas block. 
Ecoregion Data 
An ecoregion is an area classified by ecosystem type.  There are three ecoregion 
levels for North America available from the U.S. Environmental Protection Agency: 
Level I, Level II, and Level III (EPA 2013).  Level I provides a broad classification of 
continental ecosystems. Level II is a more detailed classification of ecological regions 
within Level I.  Level III further subdivides the ecological regions defined by Level II.  I 
used the Level II Ecoregions of North America for my analysis (Fig.  2).  I chose Level II 
Ecoregions because two to four similarly sized regions occur in each of my selected 
states.  I assigned blocks and quads to an ecoregion based on the location of the center of 
the block and quad.  If the center of a block or quad was located in water or beyond the 
extent of the ecoregion dataset, they were assigned to the nearest ecoregion. 
Human Influence Data 
 To estimate the influence of humans on biodiversity I adapted the data and 
8 
 
methods (including human influence scores) from The Human Footprint and the Last of 
the Wild program (Sanderson et al. 2002).  Human influence is a composite of several 
datasets: population density, land transformation, accessibility, and electrical power 
infrastructure (Table 1). 
 From the Socioeconomic Data and Applications Center, I obtained 1990 
population density from the Gridded Population of the World, v3 dataset (GPWv3 2005).  
This dataset is an estimate of people per square kilometer within grid cells at 2.5 arc-
minute resolution, approximately 5km at the equator.  Population density was assigned 
human influence scores of 0 to 10 with 0 being the smallest amount of human influence 
and 10 the highest amount of human influence.  Population densities of 0 received a score 
of 0, population densities of 1 were scored as 1, etc.; any density value equal to or greater 
than 10 people per square kilometer was assigned a score of 10. 
I obtained land cover data for 1992 from the Multi-Resolution Land 
Characteristics Consortium and National Land Cover Database (Vogelmann et al. 2001).  
This dataset is an unsupervised classification of Landsat Thematic Mapper data at a 
spatial resolution of 30 m.  Thematic Mapper data was classified into sixteen land cover 
types and each type of landcover was assigned a value between 0 and 10 based on the 
estimated human influence.  I scored land cover classifications including Open Water, 
Perennial Snow/Ice, Deciduous Forest, Evergreen Forest, Mixed Forest, Shrub/Scrub, 
Herbaceous, Wood Wetlands, and Emergent Herbaceous Wetlands as 0.  Developed 
Open Space and Developed Low Intensity were classified as 7.  Areas classified as 
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Developed Medium Intensity, Barren Land, and Hay/Pasture were scored as 8.  I scored 
areas classified as Developed High Intensity and Cultivated crops were scored the highest 
values of 10. 
I obtained data layers for built up centers (i.e., large cities), roads, railways, and 
coastlines, from the Vector Map Level 0 dataset (NIMA 1997).  I assigned built up 
centers a human influence score of 10.  Roads, railways, and coastlines were used to 
estimate human access to an area.  I assigned areas within 2 km of these access points a 
score of 8.  Areas between 2 and 15 km were assigned a score of 4.  Areas greater than 15 
km from roads, railways, and coastlines were assigned a human influence score of 0. 
I obtained the stable lights dataset (Version 4 Nighttime Lights) for 1992 from the 
National Geophysical Data Center website (NOAA 2013).  Stable lights are lights which 
are observable for several hours nearly every night.  This dataset is a composite of stable 
lights for one year and was recorded at a spatial resolution of 30 arc seconds or ~1 
kilometer at the equator.  I classified stable lights into four categories.  Areas with no 
recorded lights were assigned a human influence score of 0.  Lights observed 1% to 40% 
of nights were assigned a score of 4. Lights observed on 40% to 88% of nights were 
scored 8.  Lights that were observed on more than 89% of nights were scored as 10, 
signifying the greatest human influence. 
The scored data layers were added together in ArcMap10 (ESRI 2011) to create a 
map that estimated human influence within each state.  The mean human influence was 
calculated with zonal statistics for blocks and quads for the six BBA (Fig.  3).  Blocks 
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and quads that occurred outside of the area scored for human influence and were removed 
from further analysis. 
Analyses 
I used regression models to examine how grain, region, and human influence 
affect higher taxonomic surrogacy. I used the statistical program R (version 2.15.2) to 
develop the regression models for this study (R 2012).  Outliers were identified and 
removed within R using the aq.plot procedure.  Assumptions for all regressions were 
assessed graphically.  A significance level of 0.05 was used for all statistical 
comparisons. 
I used data from blocks to develop three basic surrogacy models that used higher 
taxonomic levels (genus richness, family richness, and order richness) to predict species 
richness (Table 2).  I then compared the R2 values for these three basic surrogacy models 
to determine which higher taxonomic level best predicted species richness. 
For the grain size analyses, I developed surrogacy models for each of the higher 
taxonomic levels that included blocks (small grain size) and quads (large grain size) 
(Table 2).  The remainder of my analyses used richness data from blocks.  I used 
Student's t test (Zar 1998) to compare the higher taxon coefficients (slope) between 
models generated with block richness and models generated with quad richness.  I placed 
greater emphasis on higher taxon coefficients rather than R2 values for comparing 
models.  The R2 value is a measurement of how well the model fits the data but it does 
not always indicate a difference between models if such a difference exists.  Models can 
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have the same R2 value (e.g., R2=0.872) while their coefficients might be very different 
(e.g., one model has a negative coefficient and the other model has a positive coefficient).  
I also compared the R2 values of the block and quad models. 
To examine the affect of region on higher taxonomic surrogacy, I developed 
surrogacy models for each of the ecoregions in each state (Table 2). I compared the 
higher taxonomic coefficients of these ecoregion models using t tests.  Most of the states 
had three or more t test comparisons between ecoregions so I used the BY-FDR method 
to correct for Type I error inflation resulting from multiple tests (Narum 2006).  I also 
compared the higher taxon coefficients from the ecoregion models to higher taxon 
coefficients from the basic models to test if the ecoregion models were significantly 
different from the state models. 
To test if human influence has an effect on higher taxonomic surrogacy, I 
developed surrogacy models that used higher taxonomic richness and human influence to 
predict species richness (Table 2).  The higher taxon coefficients of these models were 
compared to those of the basic surrogacy models by using a t test.  A significant 





Basic Surrogacy Model 
 Before I could examine the effect of grain size, region, and human influence on 
higher taxonomic surrogacy, I first needed to establish that higher taxa richness could 
indeed be used to predict species richness with these datasets.  All of the basic models 
were statistically better than random at predicting species richness (Table 3, p<0.001).  
Genus, family, and order richness were always positively associated with species richness 
(i.e., as the number of species increased, the number of genera, families, and orders also 
increased).  In every state the higher taxon coefficients (slope) increased in value as the 
taxonomic level increased (Table 3). 
In all states, genus richness was an effective surrogate for species richness (Table 
3, R2=0.884 to 0.986).  Family richness was an acceptable surrogate in most states (Table 
3, R2=0.791 to 0.910) though less effective in New York (Table 3, R2=0.691, df=4915, 
p<0.001).  Order richness was not as good of a surrogate for species richness in any of 
the states (Table 3, R2=0.565 to 0.673).  These results suggest genus and family richness 
can be used to predict species richness, while order richness be used with caution. 
Grain Size 
I investigated the effect of grain size (blocks and quads) on the basic surrogacy 
model by comparing higher taxonomic surrogacy models generated with the small grain 
size (blocks) and the large grain size (quads).  All of the surrogacy models were 
statistically better than random at predicting species richness (Table 4, p<0.001).  In 
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every state and grain size, the higher taxon coefficients (slope) increased in value as the 
taxonomic level increased (Table 4).  In four of six states the higher taxonomic 
coefficients were larger in quad models than in block models (Table 4).  Colorado and 
Pennsylvania were the only exceptions.  In Colorado, quad model coefficients were less 
than block model coefficients when genus and order richness were used to predict species 
richness (Table 4).  In Pennsylvania, quad model coefficients were less than block model 
coefficients when order richness was used to predict species richness (Table 4).  
Typically, lower taxonomic levels were better at predicting species richness than higher 
taxonomic levels (i.e., family richness was better than order richness at predicting species 
richness).  However, within New York and Pennsylvania, order richness within blocks 
had a slightly larger R2 value than family richness within quads (Table 4, order richness 
within blocks R2= 0.565, 0.599; family richness within quads R2= 0.5553, 0.5883). 
The higher taxon coefficients of the block and quad models were significantly 
different from each other for most of the comparisons (Table 4).  This indicates grain size 
had a significant affect on higher taxonomic surrogacy models.  The two exceptions to 
this pattern were Colorado and Florida when order richness was used to predict species 
richness (Table 4, Colorado t=0.444, df=409, p=0.361; Florida t=1.890, df= 4193, 
p=0.067).  Thus, when using order as a surrogate for species richness within these two 
states, grain size did not affect surrogacy. Generally, grain size significantly influenced 
the basic surrogacy models prediction of species richness for higher taxonomic levels 
(genus richness, family richness, and order richness).  This suggests that grain size has a 
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significant effect on higher taxonomic surrogacy. 
Ecoregion 
I compared surrogacy models from each ecoregion within the state and compared 
these ecoregion models to the basic surrogacy model for the entire state.  For each state I 
also compared the ecoregion surrogacy models to each other.  All ecoregion models were 
statistically better than random at predicting species richness (Table 5, p<0.001).  Genus 
richness continued to be the best predictor of species richness within the ecoregion 
models (Table 5, R2=0.898 to 0.991).  However, depending on the ecoregion, the 
predictive ability of other higher taxon levels (family and order) varied within each state 
(Table 5).  For example, within Colorado ecoregions the predictive ability of order 
richness varied greatly: Western Cordillera R2=0.635, South Central Semi-arid Prairies 
R2=0.810, and Cold Deserts R2=0.549). 
When I compared the ecoregion surrogacy model coefficients to the basic 
surrogacy model coefficients for the same state and same higher taxon levels, 
approximately half of the comparisons differed significantly from each other (Table 6).  
For each state I also compared the ecoregion surrogacy model coefficients between all of 
the ecoregions.  The ecoregion comparisons indicated that higher taxon coefficients 
differed significantly between ecoregions within the same state most of the time (Table 
7).  In Florida, ecoregions significantly affected all of the higher taxonomic surrogacy 
model comparisons (Table 7).  These results suggest that the region from which 





I examined if human influence affected higher taxonomic surrogacy.  For each 
state, I compared higher taxon coefficients from models that included human influence to 
the basic surrogacy model coefficients (without human influence).  All of the models 
including human influence were significantly better than random at predicting species 
richness (Table 8, p<0.001).  Higher taxonomic surrogacy models that included human 
influence appeared to improve the R2 value only slightly over the models that did not 
include human influence (Table 8).  When I looked at the human influence coefficients 
(Table 2) I discovered that in most cases (16 out of18) there was an inverse relationship 
between human influence and species richness (i.e., areas with higher human influence 
had lower species richness); however, Pennsylvania had a positive relationship between 
human influence and species richness (i.e., areas with higher human influence had higher 
species richness; Table 8).  Pennsylvania's genus and family richness models showed that 
species richness was positively associated with human influence (Table 8, genus model 
human influence coefficient=0.046, df=4785,p<0.001 and family model human influence 
coefficient=0.119, df=4785, p<0.001). 
Within the most states, higher taxon coefficients from models including human 
influence did not differ significantly from higher taxon coefficients from the basic 
surrogacy models (Table 8).  New York was the only state in which the models including 
human influence differed significantly from the basic surrogacy models (Table 8, t=4.308 
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to 9.920, df=9599, p<0.001).  These data indicate that while the addition of human 
influence increased the R2 value from the basic surrogacy model, human influence did 




Higher taxonomic surrogacy could be a useful tool for conservation if used 
correctly.  Gaston and Williams (1993) suggested higher taxonomic surrogacy could 
reduce the cost and amount of time needed for biological assessments.  Higher taxonomic 
surrogacy could be valuable in citizen science programs due to the reduced amount of 
training required to identify organisms to genus or family level.  It could also be used to 
rapidly assess areas that have not been studied to locate biodiversity hotspots.  While 
numerous studies have investigated higher taxonomic surrogacy, few have studied the 
effect of grain and region on this surrogacy technique.  I am aware of none that 
incorporate human influence.  These variables all have the potential to affect higher 
taxonomic surrogacy. 
Taxonomic Level 
Higher taxonomic surrogacy relies on the predictive relationship between higher 
taxa richness and species richness (e.g, genus richness, family richness, and order 
richness).  According to these results, higher taxonomic surrogacy worked best when 
genus richness was used to predict species richness.  Family richness was still a good 
predictor of species richness while order richness was a poor surrogate for species 
richness.  The higher taxon coefficients (slope) increased as the taxonomic level 
increased because the number of species remained the same while the number of genera, 
families, and orders decreased.  There are fewer higher taxa than species in the taxonomic 
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hierarchy; therefore there will be a greater difference and variation between species 
richness and higher taxa richness at the higher taxonomic levels (i.e, predictive power 
decreased as the higher taxonomic level increased).  Previous studies have reported 
different results regarding the predictive power of higher taxonomic levels (Balmford 
2000; Villaseñor 2004; Mazaris 2008; Mazaris 2010; Kallimanis 2012).  Some studies 
that investigated higher taxonomic surrogacy for birds, mammals, amphibians, and 
reptiles, reported genus and family are good predictors of species richness (Mazaris 2008; 
Kallimanis 2012).  One study of higher taxonomic surrogacy for plants reported genus, 
family, and order richness were all effective surrogates (Villaseñor 2004), while another 
study reported only genus richness was effective (Mazaris 2010).  Yet another study 
evaluated the effectiveness of higher taxonomic surrogacy for macrofungi and reported 
genus richness was the best predictor of species richness, but family and order richness 
were not effective (Balmford 2000).  It is clear from my results and the results of 
previous research that the effectiveness of higher taxonomic surrogacy depends on the 
taxonomic level used as a surrogate for species richness.  My results indicate that genus 
richness and family richness were good surrogates for species richness in breeding birds 
while order richness was less useful. 
Grain 
Grain size refers to the spatial resolution of the data and should be selected based 
on the study requirements.  I studied how grain size affected higher taxonomic surrogacy.  
My results suggest that grain size influences higher taxonomic surrogacy.  Higher taxon 
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coefficients were usually significantly larger in quad models (large grain) than in block 
models (small grain).  In most instances, grain size affected higher taxonomic surrogacy.  
My findings agree with a similar surrogacy study that investigated the relationship 
between species richness of one taxonomic group (e.g., amphibians) and the combined 
species richness of the remaining taxonomic groups (e.g., birds, butterflies, freshwater 
fish, mammals, freshwater mussels, and reptiles; Hess et al. 2006).  They reported that as 
grain size increased, correlation strength increased between mammal richness and the 
remaining taxa, and between fish richness and the remaining taxa (Hess et al. 2006).  
When mussel richness and reptile richness were compared to the remaining taxonomic 
groups, correlation strength decreased as grain size increased (Hess et al. 2006.  In my 
study, the coefficients of determination (R2) decreased as grain size increased.  Larsen & 
Rahbek reported that grain size was a significant factor when higher taxonomic surrogacy 
was used for continental conservation priority setting (2005).  In this study, higher 
taxonomic surrogacy performed best for conservation priority-setting when the largest 
grain size (≥ 4°) was used. 
Higher taxonomic richness always better predicted species richness at the small 
grain size (blocks).  I suspect this pattern occurred in the breeding bird atlas datasets 
because richness calculated for the large grain size (quads) could include more genera, 
families, or orders than the small grain size.  Additional higher taxonomic levels (i.e., 
genera, families, orders) that were species poor could affect higher taxonomic surrogacy.  
For instance, the large grain size covers a larger spatial extent and could thus include a 
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number of species poor orders.  With each additional species poor order, the number of 
new species could increase by one.  There might be differences in the way grain size 
affects higher taxonomic surrogacy across different taxonomic groups (i.e., birds, 
mammals) but I am not aware of any study that that has investigated this issue. 
Studies of higher taxonomic surrogacy have been completed at spatial grains 
larger than or the same size as my study, however management decisions often need to be 
made at much smaller spatial grains.  Future research should compare several taxonomic 
groups at grain sizes that will benefit local conservation decisions.  My results and the 
results of previous studies suggest grain size is a vital factor to consider when evaluating 
the effectiveness of higher taxonomic surrogacy; models developed at one spatial grain 
should not be applied to different spatial grains. 
Ecoregion 
The number of species, genera, families, and orders recorded in an area is 
dependent on the geographic location of that area, therefore I studied the affect of 
ecoregion on higher taxonomic surrogacy.  The results of my analyses suggest ecoregion 
has a significant effect on higher taxonomic surrogacy.  Models based on ecoregion 
differed from basic surrogacy models that included the entire state about half of the time.  
A previous study compared cross-taxon surrogacy (i.e., taxa richness from one group is 
used to predict species richness of one or more other taxonomic groups) between 
ecoregions for several taxa (e.g. amphibians, birds, butterflies, freshwater fish, mammals, 
freshwater mussels, and reptiles) in the Mid-Atlantic and Pacific Northwest (Hess et al. 
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2006).  This study recommended that cross-taxa surrogacy models should not be used in 
a region other than the one for which it was developed.  This study agreed with my 
results suggesting that region can affect surrogacy.  This can be explained by the 
variation in biodiversity between ecoregions. When states were divided into ecoregions, 
each ecoregion contained a subset of the data from the entire state.  Therefore, each 
ecoregion can vary in the richness of species, genera, families, and orders. 
I think higher taxonomic surrogacy models generated by state potentially can be 
used to predict species richness for the entire state or within smaller regions of that state.  
Models developed for the entire state will still encompass the smaller regions, as long as 
data from that region were used in developing the model for the entire state.  However, a 
higher taxonomic surrogacy model developed within a single ecoregion should not be 
applied to other regions of the state or to the state as a whole because that ecoregion 
model would not include data from other regions of the state. 
Human Influence 
There is no location on Earth that has not been directly or indirectly influenced by 
humans.  This was why I investigated the affect of human influence on higher taxonomic 
surrogacy.  My results suggest human influence does not greatly affect higher taxonomic 
surrogacy.  It is possible that the geographical extent of my study did not capture the 
effect of human influence.  This could be tested by comparing models with and without 
human influence at several spatial extents (i.e., extents both smaller and larger than the 
ecoregion and state extents used within this study).  It is also possible that some of the 
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data layers I used to calculate the total human influence might affect biodiversity more 
(or differently) than other layers.  For example, built up areas might influence 
biodiversity more than human access to an area by rivers.  It might be beneficial to 
separate the data layers from the human influence dataset and develop models with each 
layer individually. 
Usually human influence exhibited an inverse relationship to species richness 
(i.e., as human influence increased, species richness decreased).  There were two 
instances where human footprint had a positive association with species richness (i.e., as 
human influence increased, species richness increased).  Ecologically this could be the 
result of natural species richness gradients (i.e., areas with naturally high species richness 
despite higher human influence while depauperate areas have lower human influence).  
However, the positive relationship between species richness and human influence in these 
two instances is likely not biologically meaningful because the human influence 
coefficients are very small and could be the result of a Type I error. 
Additionally, although the inclusion of human influence to the higher taxonomic 
surrogacy model slightly increased the R2 value, the addition of any independent variable 
to a model will always increase the model's R2 value.  My results did not focus on the R2 
value, however other tests (e.g., Akaike's Information Criterion) might indicate the best 
model (i.e., model with human influence versus model without human influence) based 
on goodness of fit and parsimony.  While human influence can affect biodiversity, my 
results suggest that human influence does not appear to significantly affect higher 
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taxonomic surrogacy when applied to breeding bird atlas data. 
Additional Research Recommendations 
 Another factor not examined here that might influence the effectiveness of higher 
taxonomic surrogacy is the taxonomic group (e.g., birds) used within this study.  Studies 
of higher taxonomic surrogacy have been conducted for a variety of taxa including fungi, 
birds, and plants (Balmford 2000; Mazaris 2010; Kallimanis 2012).  Strong relationships 
between higher taxa and species richness have been demonstrated for various taxonomic 
groups especially between genus richness and species richness.  However, the 
relationship for other higher taxonomic levels (family and order) varies for different 
taxonomic groups (Balmford 2000; Villaseñor 2004; Mazaris 2008; Mazaris 2010; 
Kallimanis 2012).  While my results demonstrate that other factors (e.g., grain, region) 
also can influence the surrogacy relationship, additional research should study how the 
taxonomic group affects higher taxonomic surrogacy. 
Comparison of the effectiveness of higher taxa surrogacy between areas with 
native taxa and areas with non-native or invasive taxa could be informative.  Invasive 
species are the second greatest threat to biodiversity (Wilcove 1998).  I expect that 
surrogacy might be more effective in areas with larger numbers of invasive organisms, 
especially at smaller spatial scales.  At smaller spatial scales invasive plant species can 
create stands of monocultures.  If only one or two species exist in an area, higher 
taxonomic richness could be a very accurate predictor of species richness.  This 
relationship might be negligible at larger scales. 
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Many factors might influence higher taxonomic surrogacy.  I have highlighted 
some aspects that require additional research; however, there are other factors that I did 
address in this study (e.g., how evolutionary relationships are reflected in taxonomic 
rankings).  Gaston and Williams (1993) highlighted several factors that had known or 
potential affects on higher taxonomic surrogacy.  There are still aspects of higher 
taxonomic surrogacy that should be investigated to ensure this technique is used 
effectively. 
Implications for Conservation 
If higher taxonomic surrogacy is to be used for conservation planning, we must 
consider the taxonomic level, grain, and region (ecoregion) used to develop the surrogacy 
model.  Taxonomic levels above genus should be used with caution, as family and order 
were less reliable when predicting species richness.  Also, the spatial grain for which the 
higher taxonomic surrogacy model is used for conservation should be similar to the 
spatial grain used when the model was developed.  Region can affect higher taxonomic 
surrogacy; therefore, caution should be exercised when surrogacy relationships are 
applied to regions other than those for which it was developed.  According to my results, 
human influence does not usually affect higher taxonomic surrogacy.  Further research 
should be done to look at the effect of human influence on higher taxonomic surrogacy as 
it might affect other taxonomic groups differently.  Additionally, although I did not make 
statistical comparisons among states, the predictive ability of family and order richness 
varied between states (i.e., the R2 values varied depending on the state).  This suggests 
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factors such as sampling effort or species pool also might influence higher taxonomic 
surrogacy.  Additional research should examine the affects of sample effort on higher 
taxonomic surrogacy. 
I suggest that higher taxonomic surrogacy be used cautiously, especially when 
taxonomic levels higher than genus are used for prediction.  I think the greatest potential 
value of higher taxonomic surrogacy is to quickly assess biodiversity in an area for 
conservation prioritization, thereby saving time and money.  Conservation biologists face 
the daunting task of to preserving biodiversity within a landscape that will continue to 
change rapidly as the human world population approaches eight billion (United States 
Census Bureau 2014).  Finding efficient methods to monitor biodiversity is a high 
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Table 1.  List of data used to produce the human influence dataset. 
Dataset type Dataset name Year 
 
Sources 
Population Density Gridded Population of the World (GPW), v3:  1990 
 
CIESINa/SEDACb 
      Population Density Grid    








Vector Map Level 0 Roads 
   
 
Vector Map Level 0 Railways 
   




Vector Map Level 0 Railways 
   
 
Vector Map Level 0 Rivers 
   
 
Vector Map Level 0 Coastlines 
   




     Stable Lights, & Cloud Free Coverage 
        
aCIESIN, Center for International Earth Science Information Network; bSEDAC, Socioeconomic Data and 
Applications Center; cMRLC, Multi-Resolution Land Characteristics Consortium;  dNLCD, National Land Cover 
Database;  eNIMA, National Imagery and Mapping Agency;  fNOAA, National Oceanic and Atmospheric 




Table 2.  Illustration of surrogacy models and coefficients used within analyses. 
Model type Model 
Basic Surrogacy Model Species Richness = B1a Genus Richness + C 
 Species Richness = B2a Family Richness + C 
 Species Richness = B3a Order Richness + C 
  
Grain Size Block Species Richness = B1a Block Genus Richness + C 
 Block Species Richness = B2a Block Family Richness + C 
 Block Species Richness = B3a Block Order Richness + C 
  
 Quad Species Richness = B1a Quad Genus Richness + C 
 Quad Species Richness = B2a Quad Family Richness + C 
 Quad Species Richness = B3a Quad Order Richness + C 
  
Ecoregion Ecoregion 1 Species Richness = B1a Genus Richness+ C 
 Ecoregion 1 Species Richness = B2a Family Richness+ C 
 Ecoregion 1 Species Richness = B3a Order Richness+ C 
  
 Ecoregion 2 Species Richness = B1a Genus Richness+ C 
 Ecoregion 2 Species Richness = B2a Family Richness+ C 
 Ecoregion 2 Species Richness = B3a Order Richness+ C 
  
Human Influence Species Richness = B1a Genus Richness + B2b Human Influence + C 
 Species Richness = B2a Family Richness + B3b Human Influence + C 
 Species Richness = B4a Order Richness + B5b Human Influence + C 
  
aHigher Taxon Coefficient  




Table 3.  Results from regression analysis for all states showing a comparison 









error R2 df p-value 
 
Colorado genus 1.182 0.009 0.984 288 <0.001  
 family 2.528 0.052 0.891 288 <0.001  
 order 4.332 0.195 0.630 288 <0.001  
Florida genus 1.136 0.002 0.986 3335 <0.001  
 family 1.935 0.012 0.891 3335 <0.001  
 order 3.475 0.045 0.642 3335 <0.001  
Michigan genus 1.209 0.003 0.979 2805 <0.001  
 family 2.907 0.025 0.823 2805 <0.001  
 order 4.810 0.063 0.673 2805 <0.001  
New York genus 1.222 0.006 0.884 4915 <0.001  
 family 2.837 0.027 0.691 4915 <0.001  
 order 4.235 0.053 0.565 4915 <0.001  
Pennsylvania genus 1.269 0.003 0.974 4815 <0.001  
 family 3.227 0.024 0.791 4815 <0.001  
 order 6.207 0.073 0.599 4815 <0.001  
Washington genus 1.186 0.005 0.982 1243 <0.001  
 family 2.280 0.020 0.910 1243 <0.001  
 order 4.212 0.092 0.625 1243 <0.001  
 
!
Table 4.   Results from t tests comparing the higher taxon coefficients between grain sizes (blocks and quads) within 
each state. 
 









Error R2 df p-value 
 
t df p-value 
 
Colorado genus BLOCK 1.182 0.009 0.984 288 <0.001  2.729 409 <0.001 * 
  




family BLOCK 2.528 0.052 0.891 288 <0.001  3.272 409 0.002 * 
  




order BLOCK 4.332 0.195 0.630 288 <0.001  0.444 409 0.361  
  
QUAD 4.137 0.394 0.468 123 <0.001  
  
  
Florida genus BLOCK 1.136 0.002 0.986 3335 <0.001  9.695 4193 <0.001 * 
  




family BLOCK 1.935 0.012 0.891 3335 <0.001  3.616 4193 <0.001 * 
  




order BLOCK 3.475 0.045 0.642 3335 <0.001  1.890 4193 0.067  
  
QUAD 3.781 0.156 0.407 860 <0.001  
  
  
Michigan genus BLOCK 1.209 0.003 0.979 2805 <0.001  12.389 3770 <0.001 * 
  




family BLOCK 2.907 0.025 0.823 2805 <0.001  6.429 3770 <0.001 * 
  




order BLOCK 4.810 0.063 0.673 2805 <0.001  4.559 3770 <0.001 * 
  
QUAD 5.461 0.128 0.653 967 <0.001  
  
  




Table 4.   continued 
 









Error R2 df p-value 
 
t df p-value 
 
New York genus BLOCK 1.222 0.006 0.884 4915 <0.001  3.571 6178 <0.001 * 
  




family BLOCK 2.837 0.027 0.691 4915 <0.001  8.111 6178 <0.001 * 
  




order BLOCK 4.235 0.053 0.565 4915 <0.001  4.641 6178 <0.001 * 
  
QUAD 5.184 0.198 0.352 1265 <0.001  
  
  
Pennsylvania genus BLOCK 1.269 0.003 0.974 4815 <0.001  9.168 5643 <0.001 * 
  




family BLOCK 3.227 0.024 0.791 4815 <0.001  4.335 5643 <0.001 * 
  




order BLOCK 6.207 0.073 0.599 4815 <0.001  3.816 5643 <0.001 * 
  
QUAD 4.884 0.339 0.199 830 <0.001  
  
  
Washington genus BLOCK 1.186 0.005 0.982 1243 <0.001  5.925 1726 <0.001 * 
  




family BLOCK 2.280 0.020 0.910 1243 <0.001  7.957 1726 <0.001 * 
  




order BLOCK 4.212 0.092 0.625 1243 <0.001  3.679 1726 <0.001 * 
  
QUAD 4.931 0.172 0.628 485 <0.001  
  
  





Table 5.  Results of surrogacy models within ecoregions in all states. 
Breeding 







Error R2 df p-value 
Colorado 6.2 Western Cordillera genus 1.228 0.016 0.982 102 <0.001 
  
family 2.642 0.084 0.905 102 <0.001 
  
order 4.865 0.363 0.635 102 <0.001 
 
9.4 South Central Semi-arid Prairies genus 1.171 0.012 0.991 82 <0.001 
  
family 2.509 0.077 0.927 82 <0.001 
  
order 4.885 0.259 0.810 82 <0.001 
 
10.1 Cold Deserts genus 1.165 0.015 0.984 100 <0.001 
  
family 2.603 0.104 0.860 100 <0.001 
  
order 4.622 0.415 0.549 100 <0.001 
Florida 8.3 Southeastern USA Plains genus 1.153 0.007 0.987 380 <0.001 
  
family 2.200 0.034 0.917 380 <0.001 
  
order 3.951 0.128 0.715 380 <0.001 
 
8.5 Mississippi Alluvial and Southeast USA genus 1.135 0.003 0.984 2505 <0.001 
 
      Coastal Plains family 1.910 0.013 0.891 2505 <0.001 
  
order 3.470 0.049 0.667 2505 <0.001 
 
15.4 Everglades genus 1.078 0.006 0.987 446 <0.001 
  
family 1.691 0.027 0.900 446 <0.001 
  
order 3.007 0.084 0.740 446 <0.001 




Table 5.  continued 
Breeding 







Error R2 df p-value 
Michigan 5.2 Mixed Wood Shield genus 1.188 0.010 0.959 610 <0.001 
  
family 2.710 0.064 0.746 610 <0.001 
  
order 3.689 0.144 0.519 610 <0.001 
 
8.1 Mixed Wood Plains genus 1.227 0.005 0.979 1490 <0.001 
  
family 2.975 0.035 0.828 1490 <0.001 
  
order 4.682 0.084 0.676 1490 <0.001 
 
8.2 Central USA Plains genus 1.174 0.005 0.988 701 <0.001 
  
family 2.821 0.041 0.872 701 <0.001 
  
order 5.231 0.116 0.743 701 <0.001 
New York 5.3 Atlantic Highlands genus 1.215 0.011 0.898 1405 <0.001 
  
family 2.889 0.041 0.776 1405 <0.001 
  
order 4.376 0.090 0.626 1405 <0.001 
 
8.1 Mixed Wood Plains genus 1.333 0.007 0.918 3323 <0.001 
  
family 3.020 0.038 0.660 3323 <0.001 
  
order 4.320 0.070 0.531 3323 <0.001 





Table 5.  continued 
Breeding 







Error R2 df p-value 
Pennsylvania 5.3 Atlantic Highlands genus 1.284 0.006 0.975 990 <0.001 
  family 3.255 0.054 0.789 990 <0.001 
  order 6.560 0.166 0.613 990 <0.001 
 
8.1 Mixed Wood Plains genus 1.259 0.006 0.980 785 <0.001 
  
family 3.360 0.055 0.825 785 <0.001 
  
order 7.081 0.208 0.597 785 <0.001 
 
8.3 Southeastern USA Plains genus 1.227 0.008 0.979 496 <0.001 
  
family 3.171 0.071 0.800 496 <0.001 
  
order 6.902 0.236 0.633 496 <0.001 
 
8.4 Ozark, Ouachita-Appalachian Forests genus 1.276 0.004 0.970 2524 <0.001 
  
family 3.229 0.034 0.786 2524 <0.001 
  
order 5.965 0.097 0.599 2524 <0.001 
Washington 6.2 Western Cordillera genus 1.212 0.007 0.979 654 <0.001 
  
family 2.327 0.033 0.885 654 <0.001 
  
order 4.275 0.129 0.625 654 <0.001 
 
7.1 Marine West Coast Forest genus 1.193 0.009 0.985 276 <0.001 
  
family 2.337 0.042 0.917 276 <0.001 
  
order 4.089 0.171 0.673 276 <0.001 
 
10.1 Cold Deserts genus 1.149 0.007 0.987 309 <0.001 
  
family 2.174 0.042 0.896 309 <0.001 
  





Table 6.  Results from t tests comparing the coefficients from 
ecoregions models to the basic surrogacy models. 
Breeding 
Bird Atlas Ecoregion 
 Taxon 
level t df p-value 
 Colorado 10.1  genus 38.191 386 <0.001 * 
  
 family 0.643 386 0.324 
 
  
 order 0.633 386 0.326 
 
 
6.2  genus 31.798 388 <0.001 * 
  
 family 1.153 388 0.205 
 
  
 order 1.294 388 0.173 
 
 
9.4  genus 43.680 368 <0.001 * 
  
 family 0.204 368 0.391 
 
  
 order 1.703 368 0.094 
 Florida 15.4  genus 9.148 3779 <0.001 * 
  
 family 8.371 3779 <0.001 * 
  
 order 4.895 3779 <0.001 * 
 
8.3  genus 2.385 3713 0.023 * 
  
 family 7.388 3713 <0.001 * 
  
 order 3.516 3713 <0.001 * 
 
8.5  genus 0.268 5838 0.385 
 
  
 family 1.409 5838 0.148 
 
  
 order 0.075 5838 0.398 
 Michigan 5.2  genus 2.004 3413 0.054 * 
  
 family 2.859 3413 0.007 * 
  
 order 7.143 3413 <0.001 * 
 
8.1  genus 3.124 4293 0.003 * 
  
 family 1.569 4293 0.117 
 
  
 order 1.217 4293 0.190 
 
 
8.2  genus 5.826 3504 <0.001 * 
  
 family 1.786 3504 0.081 
 
  
 order 3.186 3504 0.003 
 New York 5.3  genus 0.554 6318 0.342 
 
  
 family 1.051 6318 0.230 
 
  
 order 1.349 6318 0.161 
 
 
8.1  genus 11.839 8236 <0.001 * 
  
 family 3.952 8236 <0.001 * 
  
 order 0.965 8236 0.250 
 *denotes significant difference between ecoregion models and basic models 
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Table 6.  continued 
Breeding 
Bird Atlas Ecoregion 
 Taxon 
level t    df p-value 
 Pennsylvania 5.3  genus 2.100 5803 0.044 * 
  
 family 0.477 5309 0.356 
 
  
 order 1.949 5803 0.060 
 
 
8.1  genus 1.398 5598 0.150 
 
  
 family 2.208 5598 0.035 
 
  
 order 3.972 5598 <0.001 * 
 
8.3  genus 4.830 5309 <0.001 * 
  
 family 0.747 5309 0.302 
 
  
 order 2.816 5309 0.008 
 
 
8.4  genus 1.302 7337 0.171 
 
  
 family 0.049 7337 0.398 
 
  
 order 1.991 7337 0.055 
 Washington 10.1  genus 4.276 1550 <0.001 * 
  
 family 2.269 1550 0.031 * 
  
 order 0.833 1550 0.282 
 
 
6.2  genus 3.113 1895 0.003 * 
  
 family 1.217 1895 0.190 
 
  
 order 0.396 1895 0.369 
 
 
7.1  genus 0.713 1517 0.309 
 
  
 family 1.216 1517 0.190 
 
  
 order 0.632 1517 0.327 
 *denotes significant difference between ecoregion models and basic models 
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Table 7.  Results from t tests comparing the coefficients between 
ecoregions models within each state. 
Breeding 
Bird Atlas Grain Ecoregion t-value df p-value 
 Colorado genus 10.1 vs. 6.2 2.875 200 0.007 * 
  
10.1 vs. 9.4 0.340 180 0.376 
 
  
  6.2 vs. 9.4 2.804 182 0.008 * 
 
family 10.1 vs. 6.2 0.291 200 0.382 
 
  
10.1 vs. 9.4 0.724 180 0.306 
 
  
  6.2 vs. 9.4 1.164 182 0.202 
 
 
order 10.1 vs. 6.2 0.441 200 0.361 
 
  
10.1 vs. 9.4 0.537 180 0.345 
 
  
  6.2 vs. 9.4 0.045 182 0.398 
 Florida genus 15.4 vs. 8.3 8.406 824 <0.001 * 
  
15.4 vs. 8.5 8.722 2949 <0.001 * 
  
  8.3 vs. 8.5 2.465 2883 0.019 * 
 
family 15.4 vs. 8.3 11.797 824 <0.001 * 
  
15.4 vs. 8.5 7.342 2949 <0.001 * 
  
  8.3 vs. 8.5 7.962 2883 <0.001 * 
 
order 15.4 vs. 8.3 6.167 824 <0.001 * 
  
15.4 vs. 8.5 4.745 2949 <0.001 * 
  
  8.3 vs. 8.5 3.516 2883 0.001 * 
Michigan genus   5.2 vs. 8.1 3.550 2098 0.001 * 
  
  5.2 vs. 8.2 1.259 1309 0.180 
 
  
  8.1 vs. 8.2 7.728 2189 <0.001 * 
 
family   5.2 vs. 8.1 3.629 2098 0.001 * 
  
  5.2 vs. 8.2 1.461 1309 0.137 
 
  
  8.1 vs. 8.2 2.858 2189 0.007 * 
 
order   5.2 vs. 8.1 5.969 2098 <0.001 * 
  
  5.2 vs. 8.2 8.353 1309 <0.001 * 
  
  8.1 vs. 8.2 3.833 2189 <0.001 * 
New York genus   5.3 vs. 8.1 9.120 4726 <0.001 * 
 
family   5.3 vs. 8.1 2.342 4726 0.026 * 
 
order   5.3 vs. 8.1 0.490 4726 0.354 
 *denotes significant difference between ecoregions  
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Table 7.  continued 
Breeding 
Bird Atlas Grain Ecoregion t-value df p-value  
Pennsylvania genus   5.3 vs. 8.1 2.727 1773 0.010 * 
  
  5.3 vs. 8.3 5.474 1484 <0.001 * 
  
  5.3 vs. 8.4 1.018 3512 0.238  
  
  8.1 vs. 8.3 3.070 1279 0.004 * 
  
  8.1 vs. 8.4 2.160 3307 0.039  
  
  8.3 vs. 8.4 5.273 3018 <0.001 * 
 
family   5.3 vs. 8.1 1.364 1773 0.157  
  
  5.3 vs. 8.3 0.944 1484 0.255  
  
  5.3 vs. 8.4 0.412 3512 0.367  
  
  8.1 vs. 8.3 2.099 1279 0.044  
  
  8.1 vs. 8.4 2.026 3307 0.051  
  
  8.3 vs. 8.4 0.738 3018 0.304  
 
order   5.3 vs. 8.1 1.962 1773 0.058  
  
  5.3 vs. 8.3 1.187 1484 0.197  
  
  5.3 vs. 8.4 3.098 3512 0.003 * 
  
  8.1 vs. 8.3 0.570 1279 0.339  
  
  8.1 vs. 8.4 4.871 3307 <0.001 * 
  
  8.3 vs. 8.4 3.676 3018 <0.001 * 
Washington genus 10.1 vs. 6.2 6.181 961 <0.001 * 
  
10.1 vs. 7.1 3.852 583 <0.001 * 
  
  6.2 vs. 7.1 1.697 928 0.095  
 
family 10.1 vs. 6.2 2.866 961 0.007 * 
  
10.1 vs. 7.1 2.734 583 0.010 * 
  
  6.2 vs. 7.1 0.187 928 0.392  
 
order 10.1 vs. 6.2 1.050 961 0.230  
  
10.1 vs. 7.1 0.153 583 0.394  
  
  6.2 vs. 7.1 0.866 928 0.274  
*denotes significant difference between ecoregions 
 
!
Table 8.   Results from t tests comparing the higher taxon coefficients from the basic surrogacy models to the human 
influence models. 













Coef.b SE R2 df p-value 
 
Colorado genus 1.243 0.011 0.978 305 <0.001  1.242 -0.031 0.011 0.978 304 <0.001  
 
family 2.777 0.062 0.866 305 <0.001  2.781 -0.162 0.061 0.870 304 <0.001  
 
order 4.790 0.233 0.580 305 <0.001  4.880 -0.320 0.230 0.596 304 <0.001  
Florida genus 1.142 0.002 0.985 3403 <0.001  1.146 -0.026 0.002 0.985 3402 <0.001  
 
family 1.959 0.012 0.884 3403 <0.001  1.972 -0.038 0.012 0.886 3402 <0.001  
 
order 3.523 0.046 0.637 3403 <0.001  3.577 -0.059 0.047 0.640 3402 <0.001  
Michigan genus 1.209 0.003 0.980 2842 <0.001  1.207 -0.088 0.003 0.981 2841 <0.001  
 
family 2.904 0.024 0.834 2842 <0.001  2.938 -0.304 0.023 0.853 2841 <0.001  
 
order 4.932 0.063 0.685 2842 <0.001  4.977 -0.263 0.061 0.699 2841 <0.001  
New York genus 1.220 0.007 0.878 4801 <0.001  1.305 -0.313 0.006 0.922 4800 <0.001 * 
 family 2.783 0.028 0.678 4801 <0.001  3.040 -0.321 0.027 0.723 4800 <0.001 * 
 order 4.132 0.053 0.563 4801 <0.001  4.455 -0.260 0.054 0.593 4800 <0.001 * 
Pennsylvania genus 1.270 0.003 0.973 4786 <0.001  1.271 0.046 0.003 0.974 4785 <0.001  
 family 3.231 0.024 0.786 4786 <0.001  3.249 0.119 0.024 0.791 4785 <0.001  
 order 6.193 0.075 0.591 4786 <0.001  6.209 -0.056 0.075 0.592 4785 <0.001  
Washington genus 1.205 0.005 0.980 1203 <0.001  1.217 -0.048 0.005 0.981 1202 <0.001  
 family 2.332 0.023 0.896 1203 <0.001  2.358 -0.050 0.024 0.897 1202 <0.001  
 
order 4.225 0.100 0.597 1203 <0.001  4.158 0.063 0.104 0.599 1202 <0.001  
aHigher Taxon Coefficient 
bHuman Influence Coefficient 




Figure 1.  Maps of sample states broken into blocks and quads:  Colorado Breeding Bird 
Atlas (BBA) blocks (a) and quads (b); Florida BBA blocks (c) and quads (d); Michigan 
BBA blocks (e) and quads (f); New York BBA blocks (g) and (h); Pennsylvania BBA 





D = Dp::i c::r:w::1 D c+IJ 
D 9---fFb DD DD D § EJ ffiJ ~D 9:::P t::±±J DD DD E3 DD EJ D D EJ D D D EJ D rri::J ITTI ITTI DD DD 9----R---f3 D rr-tJ D D 
~D DD DD cfb DD D EJ LL.L.J LLLJ D ~  D [:ttJ EJ DD DITTI c:8::J D §DD DD D ~D DD DD D 
D9:::PDDEJEJ~DElDDDDD9::PDEfP DD DDDD(BJDDDDITTIDDDDDDDDDEJDD 
qpoooFffITiocttJoooca:10 oEloo oooqpaooooooocfbooooooooo 
DD D §::gb DD rr::8::rJ c:fb EJ E3 B::::P E3 DD DD EJ ITTI DD DD DD cfb DD D 
ITTIDITTiooooElooo qpo 0000 q::fIDD~ocfbooooqpoq-pooo 
oooooooooorr::80Et±3ITTiq::a Eloo~oooooooooooooocFbRRD 
EJD DDD9=fIIID D odboo El D DD DDDDDDDDDDDDDDDDa=5o 
DD DDDDDDD~D~ITBIJDD~DDDEJq::BD 0 D D D9-P9:::PDDDDD9::PDDDDDcfbo 
DD EJ 8::::g:::D D 8:::P DD DD ITTI EB::J~ DD DD E3 D~ :& = S-o DD DD DD D =DD D c:qfE DD 
0063::JITIIIJDDDDDDD~ ooEla~ oDLHHH+++++_µ DDDDDDDDDDDDDDDDDDq::BD 
ooottIJooElg:DElDDDEJDD ~Dca=1 o ~~~..-rDDDITTIDDDDDDElDDDDDEJDITTID 
Fl E3 D D DD a::a tj [tlJ D ITIITI El El LI.Ll E3 ITTI DD El D S El c:H::ft::m D DD [:ttJ D 9::P DD DD DD DD DD D D D D 
E3 ITTI DD ITTI rr:rrb ~DD DD D E3 E3 B:::B D qF D ITIITI D D D q::fT6 DD DD DD DD DD DITTI D D D D 
8:::rJ DD ~ D " ITTI DD a=a 9:::P,B 9::P E3 ~D DD 9::P cF8 D 6:J DD DD DD DD DD ITI::I::::P DD DD DD 
D ITTI~ D~Dg-tJE3CTI:fb DDE3D DDDDDDDDDDDDE3DITBDDDDDD 
D~Do:::BD~DDDDDDDDDDDg:nD DDDD~XE3DDDDDDDDDDDITITI ITTIDDDDD 
~
c::qm DD DdbDDDD9:::PDDDR-PD DDDDD DE3DDDE3DDDDDDE:l::::PDDBDDDD 
DD DD DD DD DD E3 DD cfb S-D DD D ITJ D 9:::P DD DD~ DD DD DD DITTI D 
DD DD DDDDDDDDDDDDDD9:::PD D D c:fJ DITITI D DDDE3DE3DE3DD 
B~E DDDDDDDDDDDDDBD§DD~~DDDDDDDDDDDDDDBDDDDDD 
c:E:fb'1h:; 9:::P DODD DODD DD DD D cfJ DITTI [:ttJ ITTI D 9:::P ODD DOD rr::a ODD§ DD DD D 
D~BDD DDDDDDDDDDDDDDDDDE3ooooE3E3DDDDDDDDDDE3 8D 9-R-RRDDDDDDD 
oE:l::::Poo DDDDDDDDDDDDD9-PDD9:::PDDDc:Fb:J DDo 0 oooEfE tjE3~ oc:fboc:fbE3 
DD9=PDrr:fITIR-PDDDDD~DDITJ oooITTITiooooooci:SE3::J DDDDDB::PDDDDITJ DDDDDDDD 
D rr=E 9:::fb D D o--a=B:::B D c:fg:rrb c:fl:::IIJ 9:::ffE D D EfB D D d=6 D D D D D D D D D D E3 D D D D D D D D D D E3 D 
DD DDDDITTIDDE3D~DDDD~ctt:JB::PDDDDDDDDD~D DDDE3BDc:tlJDDDD 
S..,D D D ~DD DD DD R--+ttJ db DD D ITIITI DD E3 ITTI DD 9:::fITI DD DD~ DD 
tJ1.:c D Cfltt1-FfIT--i=fP~ITTI ITI::I::::P D D__B_~9::f113 DD DD DITTI DD DD DD E3 DD DD E3 DD ITTI DD 
o::Po B ~ITIJc:FffbDDCffi::PDDE3DDDDDDDDD DDDDDDDDDDDc:ftrbD 
E3DDD Doffi::i DDDDDDD dbITJ D DDD ~DDDDDDD 






































C -,_, ,..en 















Figure 2.  Maps of the ecoregions used for analysis within each state: Colorado (a); 
























































































































































































































Figure 3.  Maps of human influence values in sample states, broken into blocks:  
Colorado Breeding Bird Atlas (BBA) (a); Florida BBA (b); Michigan BBA (c); New 
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Figure 4.  Scatterplot graphs illustrating regressions analysis for the basic surrogacy 
models in all six states: Colorado genus richness (a), family richness (b), and order 
richness (c); Florida genus richness (a), family richness (b), and order richness (c); 
Michigan genus richness (a), family richness (b), and order richness (c); New York genus 
richness (a), family richness (b), and order richness (c); Pennsylvania genus richness (a), 
family richness (b), and order richness (c); and Washington genus richness (a), family 
richness (b), and order richness (c).
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y=4.212x + 4.934 
df=1243 
R2=0.625 
p<0.001 
 
